Porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) are economically important swine enteropathogenic coronaviruses. These two viruses belong to two distinct species of the Alphacoronavirus genus within Coronaviridae and induce similar clinical signs and pathological lesions in newborn piglets, but they are presumed to be antigenically distinct. In the present study, two-way antigenic cross-reactivity examinations between the prototype PEDV CV777 strain, three distinct U.S. PEDV strains (the original highly virulent PC22A, S indel Iowa106, and S 197del PC177), and two representative U.S. TGEV strains (Miller and Purdue) were conducted by cell culture immunofluorescent (CCIF) and viral neutralization (VN) assays. None of the pig TGEV antisera neutralized PEDV and vice versa. One-way cross-reactions were observed by CCIF between TGEV Miller hyperimmune pig antisera and all PEDV strains. Enzyme-linked immunosorbent assays, immunoblotting using monoclonal antibodies and Escherichia coli-expressed recombinant PEDV and TGEV nucleocapsid (N) proteins, and sequence analysis suggested at least one epitope on the N-terminal region of PEDV/TGEV N protein that contributed to this crossreactivity. Biologically, PEDV strain CV777 induced greater cell fusion in Vero cells than did U.S. PEDV strains. Consistent with the reported genetic differences, the results of CCIF and VN assays also revealed higher antigenic variation between PEDV CV777 and U.S. strains.
C
oronaviruses (CoVs) are spherical, enveloped RNA viruses causing enteric, respiratory, and generalized diseases in humans and animals. Mature CoV virions contain three major structural proteins, spike (S), membrane (M), and envelope (E), in their envelopes, of which the S and M proteins are glycosylated. The nucleocapsid (N) protein is the most abundant viral protein and is associated with the positive-stranded RNA genome (1) . Porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) cause enteritis in pigs of all ages worldwide (2, 3) . Both belong to the Coronaviridae family, Coronavirinae subfamily, and Alphacoronavirus genus (4) . PEDV and TGEV are mainly transmitted by the fecal-oral route. Airborne transmission of PEDV was recently confirmed experimentally in a single study (5) but not in a prior study (6) . The clinical signs and pathological lesions of PEDV infection are similar to those of TGEV, making them indistinguishable (2, 7) . Both viruses cause vomiting, watery diarrhea, dehydration, and decreased body weight. PEDV and TGEV enteritis results from destruction of enterocytes and villous atrophy of the intestinal mucosa, especially within the jejunum and ileum (2, 7, 8) . Without adequate lactogenic immunity milk antibody protection, the mortality rate in young piglets is high, reaching 70 to 100% (7, 9) . Differential diagnosis of the two viruses relies mainly on reverse transcription (RT)-PCR (10, 11) and serological assays (3, 12) .
Traditionally, CoVs were classified on the basis of antigenic cross-reactivity within a group, leading to delineation of three distinct antigenic groups (1 to 3). Antigenic groups are now designated genera based on phylogenetic assays. TGEV belongs to Alphacoronavirus 1 species within the Alphacoronavirus genus, which also includes porcine respiratory coronavirus (PRCV), feline infectious peritonitis virus (FIPV), and canine coronavirus (CCV) (13) . Dominant antigenic cross-reactions among Alphacoronavirus 1 species members have been demonstrated using various immunoassays, such as cell culture immunofluorescence (CCIF), viral neutralization (VN) assay, enzyme-linked immunosorbent assay (ELISA), and Western blotting (2, (13) (14) (15) , confirming their assignment as a single species. The antigenicity of PEDV was distinct from that of the members of this established species (16) , except for two reports: Zhou et al. showed a weak twoway cross-reactivity between PEDV and FIPV by Western blotting assay (17) , and Have et al. reported that sera collected from a putatively CoV-infected mink cross-reacted with both PEDV and TGEV (18) . Although PEDV and TGEV share similar genetic and pathogenic properties, neither the prototype of PEDV CV777 nor the other PEDV isolates showed serological cross-reactions with selected TGEV strains in some CCIF or immunohistochemistry staining assays (9, 16, 19) . Recently (2013), the International Committee on Taxonomy of Viruses also assigned PEDV, human coronavirus 229E (HCoV-229E), HCoV-NL63, and 4 bat CoVs to individual separate species within the Alphacoronavirus genus (http://www.ictvonline .org/virusTaxonomy.asp). In our and other previous studies, antigenic diversity between TGEV strains, including the cell culture-passaged virulent Miller strain at passage level 6 (M6) and attenuated Purdue strain at passage level 115 (P115), was characterized by monoclonal antibodies (MAbs) (20) (21) (22) . In addition, a TGEV variant with a large deletion (227 amino acids [aa] ) in the N terminus of the S protein emerged naturally in swine as a nonenteropathogenic but respiratory variant and was referred to as PRCV. The large deletion within the S protein of PRCV is also responsible for the loss of hemagglutination (HA) activity (23) and two antigenic sites (24) compared to TGEV strains. Information on the antigenic variation among PEDV strains and comparison with TGEV strains is very limited.
Porcine epidemic diarrhea virus was first observed among English feeder and fattening pigs in 1971 (25) . Experimental inoculation with the Belgian isolate CV777 revealed that it is enteropathogenic for both piglets and fattening swine (8) . PEDV was endemic in Europe and Asia in the last 2 decades (2, 3) until massive PED outbreaks characterized by high mortality rates in suckling piglets appeared in China in 2010 (26) . North America was free of PEDV until April 2013, when a highly virulent strain of PEDV emerged suddenly in U.S. swine (9) , causing significant economic losses. Full-genome-based phylogenetic analyses of the original U.S. strains revealed a close relationship with the Chinese PEDV strains AH2012 and CH/ZMDZY/11 (27, 28) . Subsequently, similar highly virulent PEDV strains also caused severe outbreaks in Canada and Mexico (28), Japan (5), South Korea (29) , and Taiwan (30) . More recently, recombinant PEDV strains having insertions and deletions (S indel) in the N-terminal region of the S protein (S1 region) compared to the original highly virulent PEDV strains were reported in the United States. Those insertions and deletions of S indel PEDV strains are very similar to the classic PEDV strains, such as CV777 (11, 28, 31) . One S indel strain (OH851) was detected from conventional pigs with asymptomatic to mild clinical signs (31) . In addition, one PEDV strain having a 197-aa deletion (S 197del) in the N-terminal S protein was discovered during PEDV isolation in our laboratory (11) .
The challenge of continuing highly virulent PEDV outbreaks in North America (9, 27) and Asia (5, 29, 30) necessitates the development of specific PEDV serological assays for clinical diagnosis of PEDV-exposed herds and an understanding of the antigenic relatedness of PEDV strains for vaccine development. Because PEDV and TGEV belong to the same genus of CoV, and some conserved epitopes commonly exist within CoVs, even among CoVs of distinct genera (15, 32) , our aims were to examine the antigenic cross-reactivity between TGEV and PEDV and characterize the antigenic variation among different PEDV strains.
Several TGEV or PEDV hyperimmune/convalescent-phase pig antisera and MAbs, as well as the homologous and heterologous TGEV (22) and PEDV (11, 27, 31) strains, were used to examine the two-way antigenic cross-reactivity by CCIF and VN tests. The one-way antibody cross-reactivity between TGEV and PEDV observed in this study was further confirmed by recombinant TGEV and PEDV N protein-based ELISA, Western blotting, and sequence analysis. The biologic and antigenic variation among different PEDV strains was evaluated by comparing the cytopathic effects (CPE) and degrees of syncytium formation in Vero cells (33) , HA activities (34) and the titers of homologous and heterologous antibodies by CCIF and VN assays, respectively. Our results enhance the understanding of the antigenic diversity among PEDV strains and will aid in development of more specific serological diagnostic assays and effective vaccines to control PEDV outbreaks.
MATERIALS AND METHODS
Cells and virus strains. African green monkey kidney (Vero) cells and swine testis (ST) cells were used for the culture of PEDV (11) and TGEV (20) , respectively. Vero cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with antibiotics (100 U/ml of penicillin, 8 g/ml of streptomycin, and 0.25 g/ml of amphotericin B [Fungizone]) (Life Technologies, Carlsbad, CA) and 5% heat-inactivated fetal bovine serum (FBS; HyClone, Logan, UT). ST cells were maintained in Eagle's minimal essential medium (EMEM; Life Technologies) supplemented with 1 M HEPES (Life Technologies), 5% FBS, and penicillin-streptomycin.
Three U.S. PEDV strains were isolated in Vero cells as described recently (11) . Based on complete genomic sequence analysis, they differed mainly in the N terminus of the S protein. PEDV strain PC22A was genetically and pathogenically similar to the originally high virulent U.S. PEDV strains (7, 11) . S indel strain Iowa106 was similar to the reported U.S. S indel PEDV strain OH851 (31) . The third strain, S 197del PC177, was a novel strain most closely related to the original highly virulent U.S. PEDV strains, but with a large (197-aa) deletion in the S protein acquired upon cell culture passage (11) . PC22A, S indel strain Iowa106, and S 197del strain PC177 at passage levels 9, 3, and 2, respectively, were used in this study. The PEDV prototype (CV777) strain (unknown passage level) was kindly provided by Hans Nauwynck (Ghent University, Belgium) under a U.S. Department of Agriculture permit (no. 122189). Two reference strains of TGEV, virulent Miller M6 and attenuated Purdue P115, originated from our laboratory (20, 22) . Sera and MAbs. Convalescent-phase pig antisera to several U.S. PEDV strains were collected from gnotobiotic (Gn) pigs (PE312 and PE342) (7) or conventional pigs (PV109 and PV151) inoculated with individual PEDV strains. To obtain the hyperimmune sera against the original highly virulent U.S. PEDV strains, initial oral or intranasal inoculation and additional intramuscular boosts (PE125) or repeated oral challenges (PE276) were performed. Convalescent-phase pig PEDV (strain CV777) antisera were kindly provided by Hans Nauwynck (Ghent University). Polyclonal hyperimmune or convalescent-phase pig antisera against TGEV (strain Miller or Purdue) were produced in gnotobiotic pigs (15) .
Several MAbs to the TGEV Miller N (14F10.3C, 14G9.3C, 25H7.3C, and 14E3.1) or S (48B7.3C, 25C9.3C, and 25H4.2C) protein were produced and characterized in our laboratory previously (20, 22, 24 PEDV FFRVN and TGEV plaque reduction virus neutralization (PRVN) assays. The procedures for the fluorescent focus reduction virus neutralization (FFRVN) were modified from a plaque reduction assay as described previously (19) for use in 96-well microtiter plates. All sera were inactivated at 56°C for 30 min prior to testing. Serial 4-fold dilutions of the test sera or the 1:10-diluted PEDV S MAb were prepared. Subsequently, 50 l of each dilution of a serum sample was mixed with 50 l of a PEDV stock containing 100 (CV777) or 200 (PC22A, S indel strain Iowa106, and S 197del strain PC177) fluorescent focus units (FFU). The serum-virus mixtures were incubated for 1 h at 37°C and then inoculated onto confluent Vero cell monolayers, 50 l/well with duplicates. After centrifugation at 1,000 ϫ g for 30 min at room temperature to enhance virus absorption, the microtiter plates were further incubated for 4 h at 37°C. Subsequently, the inoculum was removed, cells were washed twice with PBS (Ϫ), and then 100 l of DMEM supplemented with 10 g/ml of trypsin was added to each well. Trypsin was added for PEDV cell entry as described previously (33, 35) . After 2 h of incubation, 100 l of DMEM supplemented with 5% FBS was added to block the action of trypsin. This procedure avoided the release of PEDV from infected cells (33, 35) and its subsequent infection of naive cells. After overnight incubation, an immunofluorescent staining was conducted as described earlier (CCIF). PEDV N MAb (6-29) at a 5,000-fold dilution and FITC-conjugated goat antimouse IgG (Serotec) were used as primary and secondary antibodies, respectively. The FFU in the wells were counted using an inverted fluorescence microscope (Olympus). The virus neutralization antibody titer of each serum sample was expressed as the reciprocal of the dilution giving an 80% reduction in the number of FFU.
Since the culture of TGEV did not require trypsin supplements, the standard procedure for plaque reduction virus neutralization assay was conducted to titrate TGEV neutralizing antibody as described previously (22) .
Production and purification of recombinant PEDV and TGEV N protein. PEDV N gene was amplified from the PEDV strain PC22A by RT-PCR using a forward primer (5=-GCGTCGACATGGCTTCTGTCAG TTTTCA-3=) and a reverse primer (5=-CCGCTCGAGATTTCCTGTGTC GAAGATCT-3=) containing restriction enzyme sites SalI and XhoI (underlined). The PCR product was cloned into the prokaryotic expression vector pET23b (EMD Millipore, Darmstadt, Germany) at corresponding restriction enzyme sites. The recombinant plasmid for full-length TGEV Miller N protein expression was generated in our previous study (15) . The recombinant plasmids were separately transformed into Escherichia coli strain BL21(DE3) (EMD Millipore). The expression of the target proteins was then induced by addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma, St. Louis, MO). Three hours after IPTG induction, the cells were harvested and lysed by sonication. The fusion protein containing the polyhistidine tag at its C terminus was purified by affinity chromatography in Ni-nitrilotriacetic acid (Ni-NTA) agarose (Ni-NTA resin; Qiagen, Hilden, Germany) under native conditions by following the manufacturer's instructions. The expressed protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie brilliant blue R250 (Amresco, Radnor, PA) and confirmed by Western blotting with 6ϫHis epitope tag Ab (Thermo Scientific, Rockford, IL) and PEDV and TGEV N protein-specific MAbs.
Western blotting. The cross-reactivity between anti-TGEV N protein MAb (14G9) and PEDV N protein was verified by Western blotting. Recombinant PEDV and TGEV proteins were denatured by boiling for 5 min in 1ϫ loading buffer (Fermentas, Hanover, MD) in the presence of 200 mM dithiothreitol (DTT). Protein concentration was measured by Bradford protein assay (Bio-Rad, Hercules, CA). The purified recombinant proteins (2 g/lane) were then separated by 12% SDS-PAGE and transferred to nitrocellulose membranes (Trans-Blot transfer medium; Bio-Rad). The membranes were subsequently blocked (overnight at 4°C) in blocking buffer (5% nonfat dry milk [NFDM] in PBS, pH 7.4) and incubated at room temperature for 1 h with anti-TGEV N MAb or anti-PEDV N MAb (1:1,000 dilution). The membranes were rinsed three times for 8 min each time with 0.1% Tween 20 in PBS (PBST) and then incubated with anti-mouse horseradish peroxidase (HRP)-linked antibody (KPL). The bands, after three rinses for 8 min each with PBST, were developed using the ECL Western blotting substrate (Thermo, USA), and the picture was captured with an Alpha Innotech FluorChem FC2 imager (R&D Systems, Minneapolis, MN).
ELISA using purified recombinant proteins. Ninety-six-well MaxiSorp plates (Nunc, San Diego, CA) were coated with the purified recombinant PEDV or TGEV N proteins (50 ng/well) in coating buffer (20 mM Na 2 CO 3 , 20 mM NaHCO 3 , pH 9.6) at 4°C overnight. The wells were washed with 0.05% PBST and then blocked with 5% NFDM in PBS. Mouse anti-PEDV N or anti-TGEV N MAbs were serially diluted using 2% NFDM in PBS. Diluted antibodies were added to each well and incubated for 1 h at 37°C. The plates were then washed with 0.05% PBST, HRP-conjugated anti-swine IgG antibody (KPL) was added, and the plates were incubated at 37°C for 1 h. After the plates were washed 8 times with 0.05% PBST, 3,3=,5,5=-tetramethylbenzidine (TMB) substrate (KPL) was added. Finally, the reaction was stopped with 0.16 M sulfuric acid, and results were read at an absorbance of 450 nm by using a SpectraMax ELISA reader (Molecular Devices, Union City, CA).
Protein sequence alignment. The amino acid sequences of the N-terminal region of TGEV N protein, the region recognized by MAb 14G9, and the corresponding sequences of PEDV and HCoV-NL63 were aligned using the ClustalW2 program (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The GenBank accession numbers of these viruses are as follows: TGEV Miller, ABG89293.1; TGEV Purdue, ABG89327.1; PEDV PC22A, KM392224.1; PEDV S indel strain Iowa106, KM392232.1; PEDV S 197del strain PC177, KM392229.1; PEDV CV777, AF353511.1; and HCoV-NL63, ABE97134.1.
HA assay. The hemagglutination (HA) assay was conducted as described previously (34) , with modifications. Briefly, monolayers of Vero cells in T175 flasks were washed twice with PBS and inoculated with PEDV stocks in DMEM with 10 g/ml of trypsin. After 2 h of incubation, the inoculum was discarded and cells were washed twice with PBS. In our preliminary experiment, treatment of PEDV with 10 g/ml of trypsin in DMEM over 12 h reduced the viral HA titer. To avoid trypsin overdigestion and compare the HA activities among different PEDV strains, the PEDV-infected Vero cells were maintained in DMEM without trypsin supplements. At 4 postinoculation days (PID), the cell lysates were collected and clarified by centrifugation at 2,095 ϫ g for 30 min. Virus concentration and semipurification were then performed by ultracentrifugation through a 20% sucrose cushion at 100,000 ϫ g for 2 h at 4°C. Semipurified PEDV was pelleted and resuspended and then either left untreated or treated with 10 g/ml of trypsin for 10 min at 37°C. In addition, RT-quantitative PCR (11) was used to determine the PEDV RNA copy number. Afterward, serial 2-fold dilutions were incubated with an equal volume (50 l) of rabbit red blood cells (RBCs) in PBS containing 0.2% (wt/vol) bovine serum albumin (BSA). Swine, chicken, bovine, and mouse RBCs were also tested, but none showed appreciable HA titers. Trypsin-treated TGEV Miller (10 9 50% tissue culture infective doses [TCID 50 ]/ml) giving 32 HA units (HAUs) and mock-inoculated Vero cell lysates were used as positive and negative controls, respectively. Incubation was then performed in U-bottom microtiter plates for 30 min at 37°C. Finally, the HAU, defined as the reciprocal of the last virus dilution that completely agglutinated RBCs, was recorded. To compare the HA activities among the PEDV strains, the ratio between the HAU and RNA copy number of the PEDV genome was calculated.
RESULTS

Morphology of PEDV-and TGEV-associated CPE and antigen distribution patterns in vitro.
Microscopic examination revealed that PEDV-inoculated Vero cells developed distinct morphology of cytopathic effects (CPE), characterized by cell fusion, detachment, and syncytium formation (Fig. 1) . No difference in morphology was observed among PEDV PC22A (Fig. 1A) , S indel strain Iowa106, and S 197del strain PC177. However, PEDV CV777-infected cells (Fig. 1B) had higher cell fusion activity than U.S. PEDV strains. At the same postinoculation time, the CPE and syncytia induced by PEDV CV777 were generally larger than those induced by U.S. PEDV strains (Fig. 1A and B) . For U.S. PEDV strains, about 40% of syncytia were small, containing 1 to 4 nuclei, 30% were medium size, with 5 to 8 nuclei, and 30% were large, having more than 8 nuclei. In contrast, PEDV CV777 yielded less than 5% small, 5% medium, and more than 90% large syncytia. The CCIF staining showed pinpoint or diffuse bright fluorescence signals of PEDV antigen mainly detected within the cytoplasm of the syncytia. Surrounding the fused cells, there were also fluorescent antigens of U.S. PEDV strains detected in individual cells (Fig. 1A) . PEDV CV777 antigen, however, was observed in various sizes of fused cells (Fig. 1B) but rarely in individual cells.
TGEV-inoculated ST cells also showed CPE, which was characterized by a ballooning or detachment of the cells from the cell monolayer. Cytoplasmic TGEV antigens were detected mainly by CCIF in clusters of ST cells and, less frequently, in the fused cells containing 2 to 4 nuclei (Fig. 1D) . No difference in fluorescence staining pattern was observed between TGEV Miller M6-and Purdue P115-inoculated ST cells. Assessment of antigenic cross-reaction between PEDV and TGEV and antigenic variation among PEDV strains using pig polyclonal antisera and CCIF assay. The overall CCIF antibody titers with various pig sera are summarized in Fig. 2A . All antisera reacted with the homologous strains. No fluorescence signal was detected in mock-inoculated cells.
Regarding the cross-reactivity, none of the pig PEDV hyperimmune or convalescent-phase antisera cross-reacted with TGEV. Two hyperimmune TGEV (Miller strain) antisera (S409 and M20) cross-reacted with all PEDV isolates, including PEDV PC22A (Fig.  1C) , S indel strain Iowa106, S 197del strain PC177, and CV777. These pig TGEV Miller antisera (S409 and M20) reacted with TGEV Miller and Purdue strains at relatively high titers (10,240), whereas they reacted with PEDV strains at 16-to 64-fold-lower titers ( Fig. 2A) . Using pig hyperimmune PEDV PC22A (Fig. 1A) and TGEV Miller (Fig. 1C) antisera, no difference was observed in fluorescent staining patterns of PEDV antigen. Interestingly, the other 2 pig TGEV Purdue hyperimmune (S411 and M2) and one convalescent-phase (RR441) antiserum showed the same or slightly higher (4-fold) titers of CCIF antibody against homologous TGEV but did not cross-react with any PEDV strains ( Fig. 2A) .
Regarding the antigenic variation among PEDV strains, all 3 U.S. PEDV strains had the same antigenic reactivity patterns with the same panel of PEDV hyperimmune and convalescent-phase antisera ( Fig. 2A) . However, hyperimmune and convalescentphase antisera against these U.S. PEDV strains showed the same or slightly higher (4-fold) titers of CCIF antibody against U.S. PEDV isolates (PC22A, S indel Iowa106, and S 197del PC177) than against the prototype PEDV CV777. Also the convalescent-phase PEDV CV777 antisera (PC13) had 4-fold-higher titers of homologous (against PEDV CV777) CCIF antibody than of heterologous (against U.S. PEDV strains) antibody ( Fig. 2A) .
Assessment of antigenic cross-reaction between PEDV and TGEV and antigenic variation among PEDV strains using MAbs and CCIF assay. A panel of MAbs against PEDV and TGEV S or N protein was examined (Fig. 2B) . All MAbs reacted with their homologous virus strains at high titers (Ͼ2,560). The distribution patterns of PEDV and TGEV antigen stained by MAbs were the same as those stained by polyclonal pig antisera as described above. Among four TGEV N protein MAbs, one (14G9.3C) showed cross-reactivity with all PEDV isolates tested. The titer of homologous antibody (against TGEV Miller) was 163,840, while the titers of heterologous antibody were 10,240 (U.S. PEDV strains) and 160 (PEDV CV777) (Fig. 2B) . Three anti-TGEV S protein MAbs (48B7.3C, 25C9.3C, and 25H4.2C) did not crossreact with any PEDV isolates. None of the PEDV N and S protein MAbs tested cross-reacted to TGEV Miller or Purdue.
Two PEDV strains, all PEDV MAbs reacted with all PEDV strains at various titers. Two PEDV PC22A N protein MAbs (6-29 and SD17-103) and one PEDV DR13 S protein MAb (6C8-l) showed similar titers against homologous and heterologous PEDV strains. One PEDV S protein IgM MAb (SD 67-41) and one PEDV N protein IgM MAb (72-11-25) had 4-to 16-fold-higher titers in CCIF assay against homologous (PC22A) than heterologous (S indel Iowa106, S 197del PC177 and CV777) PEDV strains. In addition, PEDV DR13 S protein MAb (3F12) reacted with PEDV CV777 at a 4-fold-higher titer than with U.S. PEDV strains (Fig. 2B) . Assessment of antigenic cross-reactivity between PEDV and TGEV and antigenic variations among PEDV strains by PEDV FFRVN and TGEV PRVN assays. TGEV Miller and Purdue hyperimmune or convalescent-phase antisera neutralized the homologous virus at titers ranging from 1,024 to 16,384. However, none of them showed VN antibody against the PEDV strains (Fig.  3) . Also, none of the pig PEDV hyperimmune or convalescentphase antisera had detectable TGEV viral neutralization antibodies by PRVN assays (data not shown). Serum samples obtained from mock-inoculated Gn pigs did not neutralize PEDV or TGEV in FFRVN or PRVN assays.
All PEDV hyperimmune and convalescent-phase antisera had FFRVN antibody against the homologous and also heterologous PEDV strains, with the titers ranging from 16 to 1,024 (Fig. 3) . Generally, the neutralizing antibody titers against three U.S. PEDV strains were similar or showed 4-fold differences. Some serum samples showed 4-to 16-fold differences in FFRVN antibody titers against PEDV CV777 and the U.S. PEDV strains. Two PEDV PC22A-like antisera (PE125 and PE276) had 4-to 16-foldhigher titers of VN antibody against homologous PC22A than against heterologous PEDV CV777. Also, one PEDV CV777 antisera (PC13) had 4-fold-higher titers of VN antibody against PEDV CV777 than against U.S. PEDV strains. In addition, none of the PEDV S or N MAbs tested in the present study showed virus neutralizing activity against PEDV or TGEV.
Identification of MAb cross-reactivity between PEDV and TGEV using ELISA and Western blotting and E. coli-expressed PEDV and TGEV N proteins. Several TGEV and PEDV N protein MAbs were examined using PEDV and TGEV recombinant N protein-based ELISA (Fig. 4A and B) . All MAbs reacted with the homologous antigens at titers ranging from 640 to Ͼ40,960. In agreement with the CCIF results, only TGEV MAb (14G9.3C) cross-reacted with recombinant PEDV N protein, against which the homologous and heterologous titers were the same, 40,960 (Fig. 4B) .
In Western blot assay, full-length PEDV PC22A and TGEV Miller N proteins were expressed with a six-His tag on the C terminus, yielding fusion proteins of 406 and 469 aa, which gave bands corresponding to the expected molecular masses of approximately 46 and 52 kDa, respectively. TGEV MAb (14G9.3C) reacted with both TGEV and PEDV recombinant N proteins, while PEDV N MAb (6-29) recognized the recombinant PEDV N protein only (Fig. 4C) .
To explore the possible epitopes contributing to this crossreaction, the amino acid sequences of full-length TGEV, PEDV, and HCoV N proteins were aligned and compared. As shown in Fig. 5 (boxes) , two regions (66-QIGYWN-71 and 92-FYYLGTGP H-100) of TGEV Miller N protein were conserved among TGEV Miller and Purdue, PEDV PC22A, S indel Iowa106, S 197del PC177, CV777, and HCoV-NL63. However, the conserved region of TGEV Miller N protein (aa 92 to 100) had an additional 2 aa (101-AD-102) identical to those in U.S. PEDV strains (aa 75 to 85). In addition, one identical amino acid (alanine 84) in PEDV PC22A was replaced (glycine 84) in PEDV CV777.
Comparison of hemagglutination activities among different PEDV strains. Without trypsin treatment, no PEDV strains tested in the present study showed HA activity. After treatment with trypsin at 37°C for 10 min, all the PEDV strains exhibited HA ( Table 1 ). The ratios between the PEDV genomic equivalent (GE) and HA titer ranged from 5.51 to 6.13 log 10 GEs per HA unit. In agreement with a previous study (23) , trypsin-treated TGEV Miller and Purdue also showed HA (data not shown).
DISCUSSION
Porcine epidemic diarrhea (PED) resembles transmissible gastroenteritis (TGE) in pigs and is a highly contagious enteric disease of swine characterized by acute watery diarrhea, vomiting, dehydration, and weight loss (2, 3) . While the impact of TGE is more limited, current outbreaks of PED in swine cause significant losses in North America (9, 27) and Asia (5, 29, 30) . In the present study, the serological cross-reactivity between PEDV and TGEV was assessed by using pig antisera and MAbs. In addition, the PEDV prototype European strain CV777 and 3 genetically diverse PEDV U.S. strains (PC22A, S indel Iowa106, and S 197del PC177) isolated in our laboratory (11) were used in a CCIF assay to measure the titers of homologous and heterologous antibody against PEDV using pig antisera or MAbs. Also, an FFRVN assay was developed to measure the in vitro cross-neutralization among different PEDV strains. The results demonstrated that PEDV antigens can be detected not only using PEDV pig antiserum but also using hyperimmune TGEV Miller antiserum. Western blotting with TGEV Miller N protein MAb (14G9.3C) showed that the observed cross-reactivity was based on an N protein epitope. In addition, PEDV CV777 differed from U.S. PEDV strains in genetic, biologic, and antigenic properties. The antibody cross-reactivity between TGEV and PEDV enteropathogenic swine viruses should be considered for the development and interpretation of PEDV serological diagnostic assays. In addition, antisera raised against PEDV S indel Iowa106 and S 197del PC177 strains neutralized PC22A at a level similar to that for homologous virus. If PEDV S indel Iowa106 and S 197del PC177 are confirmed to be less virulent than PC22A, they may serve as better candidates than PEDV CV777 to develop effective vaccines to protect pigs from the current threat of the highly virulent PEDV. Although previous studies showed no serological cross-reactions between PEDV and TGEV (9, 16, 19) , the present study demonstrated that hyperimmune TGEV Miller, but not TGEV Purdue, pig antisera cross-reacted with all PEDV strains at lower CCIF antibody titers. In addition, assessment of a panel of TGEV MAbs supported at least one conserved epitope on the N protein that contributed to this cross-reactivity. The lack of cross-reactivity between PEDV and TGEV detected in previous studies (9, 16, 19) might result from several possibilities. (i) Variation of crossreactivity can be due to different TGEV and PEDV strains tested in the different studies. Interestingly, only pigs immunized with TGEV Miller strain, and not with Purdue strain, developed serum antibodies that cross-reacted with PEDV. In addition, TGEV Miller MAb 14G9.3C reacted at higher titers to U.S. PEDV strains (10,240) than to European PEDV strain CV777 (160) (Fig. 2B) .
(ii) The ratio between homologous (TGEV Miller) and heterologous (U.S. PEDV strains or CV777) hyperimmune pig serum antibody titers is low. The hyperimmune pig antiserum used in our study may contain higher titers of TGEV antibody than those used in the studies of others. The relatively lower heterologous CCIF titers of antibodies in pig sera could be interpreted as background or nonspecific reactions in immunoassays, such as in ELISA. (iii) The experimental animals can influence the antibody specificities and the results. Differing from conventional pigs, Gn pigs are free from extraneous microbes and maternal or preexisting antibodies. The use of antisera from Gn pigs in the present study ensured that the antibody present in the TGEV-inoculated Gn pigs was induced only by TGEV antigen and totally free of PEDV antibodies. In fact, such disagreement in findings on cross-reactivity within the Alphacoronavirus genus and between different coronavirus genera is not unprecedented. Originally, Pensaert et al. reported no cross-reaction between PEDV CV777 and FIPV (16); however, two-way antigenic cross-reactivity between these two viruses was reported subsequently (17) . In 1992, Have et al. reported a high prevalence of serum antibodies against a putative mink coronavirus (MCoV) detected in Denmark that cross-reacted with both TGEV and PEDV (18) . The present study further showed that TGEV Miller can induce serum antibodies in pigs that cross-react with PEDV antigen. In agreement with phylogeneticsbased classification, the antigenic cross-reactivity between TGEV Miller antisera and PEDV further supports the notion that these two viruses are related.
A highly conserved motif, FYYLGTGP, is present in the N-terminal region of the N proteins of most CoVs (32) and may mediate interspecies antigenic cross-reactivity among CoVs, even from different genera (15) . Within Coronaviridae, PEDV, HCoV-229E, and HCoV-NL63 are assigned as a phylogenetically separate branch within Alphacoronavirus genus (4) . PEDV N protein shared the greatest similarity to that of HCoV-229E (36) . Contrary to earlier reports (9, 13, 16, 19) , hyperimmune pig TGEV Miller pig antisera and TGEV Miller MAb (14G9.3C) reacted in one-way cross-reactivity assays with HCoV-NL63 as demonstrated in our previous study (15) and with PEDV in current studies, respectively. There are 3 distinct antigenic sites, N1, N2, and N3, on the TGEV N protein that are recognized by MAbs 25H7.3C, 14E3.1, and 14G9.3C, respectively (15, 20) . Our more recent study on the epitope mapping of these MAbs confirmed that they target 3 distinct epitopes on the TGEV N protein: MAb 25H7.3C reacted with the epitope within the first 40 amino acids (aa), the 14E3.1 epitope was located between aa 255 and 383, and the 14G9.3C epitope spanned from aa 1 to 205 (A. N. Vlasova and L. J. Saif, unpublished data). In the present study, the results of CCIF and ELISAs showed that only anti-TGEV Miller N protein MAb (14G9.3C) cross-reacted with all PEDV strains. This finding is in agreement with the fact that only MAb 14G9.3C targets the epitope that includes the two aforementioned highly conservative motifs within TGEV and PEDV N proteins: 66-QIGYWN-71 and 92-FYYLGTGPH-100. Under the denaturing conditions of SDS-PAGE, the results of Western blotting suggested that this crossreactivity was due to linear epitopes in the N protein. In addition, the results of the CCIF showed that the TGEV Miller MAb 14G9.3C reacted against PEDV CV777 at a lower titer (160) than against PEDV PC22A (10,240) (Fig. 2B ). This may correspond to PEDV CV777 having a single amino acid (A¡G at position 84) change in the second motif, resulting in lower amino acid identity than between PEDV PC22A and TGEV Miller in the conserved motif in the N protein (Fig. 5) . For the serological diagnosis of PEDV, immunoassays using the whole virions as antigens are simple and widely used methods (37) . Recombinant PEDV N (38) and S1 (12) protein-based ELISAs have also been developed for diagnosis. It is known that the presence of a strong immunodominant site in the N-terminal region of N protein is a common feature of the N protein from TGEV and PRCV (24) and even the betacoronavirus severe acute respiratory syndrome (SARS)-CoV (28, 32), although no cross-reactivity between TGEV Miller MAb 14G9.3C and bovine CoV-Mebus (betacoronavirus) was revealed by CCIF (data not shown). Considering the possible TGEV, PRCV, and PEDV cross-reactivity, truncation of the antigenic site in the N-terminal region to exclude the immunodominant crossreactive epitope of the PEDV N protein can help to improve the specificity of the immunoassays. Otherwise, the S protein of PEDV could serve as a specific antigen for immunoassay (12) , assuming that the S epitopes are conserved among the relevant PEDV strains.
Interestingly, our results showed that only TGEV Miller, and not TGEV Purdue, pig antisera reacted with PEDV. However, sequence analysis did not support any potential mutation in TGEV N protein leading to this difference. In addition, this serum cross-reactivity was not totally blocked by TGEV Miller N MAb (14G9.3C) (data not shown). In fact, the hyperimmune pig antiserum contained polyclonal antibodies recognizing different TGEV Miller N epitopes. We suspect that in addition to the epitope recognized by MAb 14G9.3C, there are still other conserved cross-reactive epitopes. Some may be 3-dimensional epitopes that are not identified from sequence alignment. Further genome-wide sequence comparisons, epitope mapping studies, and structural analyses are required to identify their locations. In addition, only one-way cross-reactivity between hyperimmune TGEV Miller pig antisera and PEDV strains was observed. Two reasons were considered, as follows. is not yet available in most laboratories. Therefore, two-way antigenic cross-reactivity may be found if a PEDV N MAb recognizing the conserved amino acid sequence of the PEDV N protein is produced in the future. (ii) PEDV hyperimmune and convalescent-phase pig antisera were assumed to contain polyclonal antibodies recognizing multiple PEDV epitopes. However, no PEDV hyperimmune or convalescent-phase pig antisera cross-reacted with TGEV. Therefore, it is speculated that the PEDV N protein has different (nonconserved/non-cross-reactive) epitopes that are targets for robust immune responses compared with the TGEV N protein. Also, the conserved amino acid sequences of PEDV and TGEV N proteins may not be a major domain to elicit dominant immune responses. However, this hypothesis needs to be reexamined further.
CV777 is the historic prototype European PEDV strain (8, 17) , while U.S. PEDV strains have closer genetic similarity to the strains more recently reported in China (27) . When compared to U.S. strains, PEDV CV777 showed more differences in the genetic (3, 28) , biologic (33) , and antigenic features. Similar to the previous report that PEDV CV777 induced larger syncytia than PEDV DR13 (33), CV777 also induced larger syncytia than the three U.S. strains ( Fig. 1A and B) . Passage-associated cell culture adaption and growth kinetics may affect PEDV cell fusion ability. In addition, enhancement of cell fusion activity was reported to be related to one amino acid mutation, H1381R in the KxHxx motif of the cytoplasmic retrieval signal of PEDV S protein, leading to the efficient transfer of S proteins onto the cell surface (39) . The sequence 884-SGRVVQKRSVIEDLLFNKV-902 in the middle of the PEDV S protein was identified as a putative fusion peptide in S protein of PEDV CV777 (33) . Multiple-sequence alignments showed that there was no amino acid substitution in the KxHxx motif, but one amino acid at position 893 differed between CV777 (valine) and the U.S. strains (phenylalanine). We speculated that this amino acid substitution in the putative fusion peptide may alter the cell membrane fusion property and the syncytium size. However, this needs to be experimentally confirmed.
On the other hand, two-way antigenic and virus neutralization cross-reactivity between PEDV CV777 and the U.S. strains was observed for all of our PEDV pig antisera and MAbs, supporting the close antigenic relationships among these PEDV strains. However, some pig antisera and MAbs showed 4-to 16-fold differences between the homologous and heterologous CCIF and VN titers. It was predicted that the PEDV neutralizing epitopes were located on aa 499 to 638, 748 to 755, 764 to 771, and 1368 to 1374 of the S protein (3, 40) . Comparison of PEDV PC22A and CV777 S protein sequences revealed 9 and 1 individual amino acid substitutions at the regions from aa 499 to 638 and 764 to 771, respectively. This observation suggests that some antigenic differences may exist between PEDV CV777 and the U.S. strains, perhaps in the density and/or similarity of certain epitopes expressed on the virus. Interestingly, current outbreaks of highly virulent U.S. PEDV-like strains are still causing significant economic losses in Asia (5, 29, 30) , despite the availability of inactivated and attenuated PEDV vaccines, CV777 in China and DR13 in Korea, respectively (3). Therefore, U.S. PEDV isolates potentially could be better vaccine candidates than CV777 to protect swine from current PED epidemics.
Following the isolation of different U.S. PEDV strains (11), cell culture-adapted PEDV isolates not only have been used to develop immunoassays, such as CCIF and FFRVN, but also can serve as potential vaccine candidates. PEDV in the United States has emerged as at least two genetically different clades (28) . However, the results of CCIF and VN tests with our panel of antisera and MAbs indicated that most antigenic determinants are still conserved for the S and N proteins. Based on the field observation, PEDV S indel strains, such as OH851 and Iowa106, were considered possible mild variants (31), but experimental pig challenge studies are required to substantiate this possibility. During PEDV isolation in our laboratory, one unique PEDV strain (S 197del PC177) that contained a large (197-aa) deletion in the S protein was generated. PRCV is a TGEV deletion variant that emerged naturally in swine. The large deletion within the N-terminal portion of the S protein of PRCV is responsible for the loss of HA activity (23) . Based on the experience with the TGEV-variant PRCV strain (1, 2, 24), we speculated that the PEDV S 197del PC177 strain may lack HA activity and may be less pathogenic. However, the present study showed that PC177 still retains HA activity. This result suggests that components of the S protein responsible for HA activity could differ between PEDV and TGEV. In vivo pig studies are ongoing to evaluate the pathogenicity, immunogenicity, and cross-protection of U.S. PEDV strains, including S indel Iowa106, S 197del PC177, and high-cell-passaged PC22A.
In conclusion, the present study showed that TGEV Miller, but not Purdue, induces swine antibody cross-reactivity with PEDV. The use of MAbs showed at least one antigenic site on the N-terminal TGEV N protein that mediated this cross-reactivity. The results of CCIF and VN assays showed two-way antigenic crossreactions among all PEDV strains tested. However, differences in antigenicity between PEDV CV777 and U.S. strains were noted in comparing the homologous and heterologous titers in CCIF and VN Ab assays. Since TGEV and PEDV cause similar clinical signs and pathological lesions in pigs (2, 3), the cross-reaction between TGEV Miller and PEDV should be considered when developing PEDV immunoassays and interpreting the results. Furthermore, the conserved antigenicity among various U.S. PEDV isolates suggests that recent isolates may potentially be better vaccine candidates than the prototype CV777 to protect U.S. swine from current PED epidemics.
